The distribution ot labeled ribonucleic acid (RNA) associated with polysomes from Escherichia coli infected with the bacteriophage R17 was investigated. Pulselabeling of RNA for 15 sec with 3H-uridine resulted in increased labeling of the RNA associated with larger polysomes from infected cells as compared to control cells. Analysis of the RNA indicated that the increased labeling of large polysomes resulted from the presence of labeled double-stranded viral RNA. Other species of 15-sec pulse-labeled RNA entered into polysome formation in both infected and control cells. On the other hand, pulse-labeling of cultures for 15 sec with 3H-uridine followed by a 5-min chase with unlabeled uridine resulted in a greater decrease in the amount of labeled RNA associated with large polysomes from infected cells as compared to control cells. This decreased labeling of large polysomes from infected cells was accompanied by an increased amount of label associated with the monomer to trimer regions. Analysis of RNA labeled under pulse-chase conditions indicated that virus infection resulted in an increased amount of heterogeneous 5 to 15S RNA in both the monomer to trimer and ribosomal subunit-soluble regions of the polysome profile. Labeled 5 to 15S RNA extracted directly from infected cells under pulse-chase conditions, without prior polysome fractionation, was characterized by a shift toward a distribution of smaller polynucleotides.
Infection of Escherichia coli with the bacteriophage R17 results in an altered polyribosome distribution characterized by a decrease in the number of large polysomes and an increase in the number of smaller polysomes (5, 6) . At approximately the same time during virus infection, cellular ribonucleic acid (RNA) synthesis (2; Iglewski, submitted for publication) and protein synthesis (2, 4) are inhibited. The inhibition of host RNA synthesis appears to be the result of a specific inhibition of ribosomal RNA (rRNA), because the incorporation of labeled precursors into other types of cellular RNA is not altered (2, 8 ; Iglewski, submitted for publication). The depression of rRNA synthesis results in decreased ribosome biosynthesis (7) . These alterations in the macromolecular synthesis of infected cells are accompanied by a shift toward viral-specific synthesis. Sugiyama and Stone (18) demonstrated, in MS2 phage-infected cells, a shift from synthesis of cellular proteins to synthesis of viral proteins. The alteration in the type of proteins synthesized during infection suggests that a high degree of specificity is involved in the mechanism of inhibition of protein synthesis.
Hotham-Iglewski and Franklin (5) demonstrated that the absorbance profile of polysomes obtained from R17 phage-infected cells progressively shifts toward smaller polysomes as infection proceeds. This alteration in the polysome distribution suggests that the overall depression of protein synthesis in infected cells may result from an inhibition at the level of translation of messenger RNA (mRNA). The mechanism involved in this inhibition is unknown. An inhibition at the translational level, characterized by an accumulation of smaller polysomes, may involve the hinderance of movement of ribosomes along the message after formation of the initiation complex as suggested by Phillips et al. (14) , nuclease activation causing a degradation of polysomes, or the disaggregation of polysomes.
To clarify the mechanism involved in this shift distribution of labeled RNA associated with polysomes was investigated. The (Fig. 1) . The relative distribution of the various sizes of polysomes within the overall polysome profile was measured by planimetery of the tracing of the absorbance at 260 nm. There was a 46% decrease in absorbance of polysomes in the region of the profile representing four or more ribosomes per mRNA and a 45% increase in absorbance in the monomer in trimer region of polysomes from infected cells, as compared to control cells.
Distribution of labeled RNA associated with polysomes. The alteration in the polyribosome distribution of infected cells was examined by extracting polysomes from cells pulse-labeled with 3H-uridine for either 15 or 90 sec ( Fig. 2a and b) . The type of labeled RNA profile associated with polysomes was dependent on the length of time the cells were exposed to the labeled uridine. A uniform distribution of label among polysomes was observed when infected cells were pulselabeled for 15 sec. Labeling of control cells under identical conditions resulted in a greater quantity of 3H-uridine-labeled RNA associated with smaller polysomes, as compared to larger polysomes. Sucrose gradient analysis of labeled RNA from polysome extracts of infected and control cultures resulted in 1.5 times the amount of radioactivity sedimenting in the region of the larger polysomes from infected cells, as compared to control cells (Table 1) .
As the labeling time was increased to 90 sec, a shift occurred in the profile of labeled RNA associated with polysomes from infected and control cultures (Fig 2b) . The profile of radioactivity from infected cultures and control cultures labeled for a longer period of time was similar to the absorbance profile of the polysomes. More labeled RNA was associated with the smaller polysomes than larger polysomes of infected cells. Profiles J. VIROL. from control cultures displayed a uniform labeling of RNA throughout the polyribosome distribution.
Characterization of pulse-labeled RNA extracted from polysomes. Polyacrylamide gel electrophoresis was used to determine the incorporation of labeled uridine into the various types of RNA associated with the labeled polyribosomes. Polyribosomes from control cultures and virusinfected cultures pulse-labeled for 15 sec with 8H-uridine were selected for analysis. Labeled RNA fractions from a polyribosome distribution obtained by sedimentation in a sucrose gradient were pooled into three fractions ( Fig. 2a and b) . The fractions were treated with SDS, alcohol was precipitated, and the fractions were suspended in sample buffer for analysis by polyacrylamide gel electrophoresis. The profile of labeled RNA obtained from the polyacrylamide gel ( Fig. 3a and b) was divided into eight regions representing: (1) 4S RNA, (2) small mRNA, (3) large mRNA, (4) 16S rRNA, (5) 18 to 21S RNA, (6) 23S rRNA, (7) very large RNA, and (8) (Fig. 2a) . Distribution of 3H-uridine-labeled RNA in polysomes after chase with unlabeled uridine. Pulsechase experiments were used to determine the fate of the labeled RNA associated with polyribosomes from infected cells. Infected cultures and control cultures were pulse-labeled for 15 sec with 3H-uridine and then chased with a 100-fold excess of unlabeled uridine for 5 in the labeled RNA content of the large polysomes from infected cultures, as compared to control cultures (Fig. 4) . The decreased labeling of large polysomes in infected cells was accompained by an increased amount of labeled RNA associated with the monomer to trimer region of the poly- bRoman numerals represent polysome regions shown in Fig. 2a. somes. Nearly 50%0 of the labeled RNA found in the monomer to trimer region sedimented slightly faster than the 70S monomers. This labeled RNA probably represented single-stranded viral RNA encapsulated within mature phage particles.
Characterization of labeled RNA from polysomes after chase with unlabeled uridine. Polyribosomes from cells pulse-labeled for 15 sec with 3H-uridine and then chased for 5 min with unlabeled uridine were divided into three fractions as previously described. The labeled RNA from each fraction was analyzed by polyacrylamide gel electrophoresis (Fig. 5a, b, and c) . A decrease in all species of labeled cellular RNA was observed in the large polysomes from infected cells, as comcompared to control cells (Table 3) Both cultures were pulse-labeled for 15 sec with 3H-uridine at 45 min after infection antd then chased by adding a 100-fold excess of unlabeled uridine 5 min before harvesting. Polysome extracts were prepared; labeled lysate (2.8 X 105 counts/min) was layered on a 10 to 40% sucrose gradient and centrifuged at 40,000 rev/min for 70 min at 2 C in a Beckman S W41 rotor. The ratio of the counts per minute per optical density unit (at 260 nm) of the lysatefrom the control culture to the infected culture was 0.98 after a 5-min chase. The numbers 1, 2, and 3 indicate the position of the monomers, dimers, and trimer, respectively. Roman numerals I, II, and III represent the tetramers and larger polysomes, monomers to trimers, and ribosomal subunitsoluble regions of the polysomes pooled for subsequent experiments. Symbols: wuinfected (0) and R17 phageinfected (a) cells. RF RI for 10 min with a 100-fold excess of unlabeled uridine. The labeled RNA was phenol-extracted and analyzed by polyacrylamide gel electrophoresis. Labeled RNA migrating between the 4 and 16S RNA bands was pooled in two fractions containing small-or large-sized RNA by dividing the fractions in half between the 4 and 16S RNA bands. The ratio of small to large RNA remained unchanged during the initial 15 min of virus infection (Table 4) . Between 15 and 45 min after infection, the size distribution of the RNA was progressively altered, resulting in a larger amount of the smaller species of labeled RNA. DISCUSSION Infection of E. coli with the bacteriophage R17 results in both early and late inhibition of protein synthesis. The early period of inhibition results from an alteration in permeability of the cell caused by the attachment of the phage to the F pili (19, 20) . The late inhibition requires the production of both viral polymerase and viral RNA (14) and involves a shift from synthesis of cellular proteins to synthesis of viral proteins (18) . As cellular RNA transcription does not appear to be impaired, with the exception of rRNA (2, 8; Iglewski, submittedfor publication), the site of inhibition of protein synthesis probably is at the translational level.
Infection with the R17 phage results in an alteration of the absorbance profile of polyribosomes characterized by a decrease in the number of large polysomes and an increase in the number of smaller polysomes (5, 14) . Although the altered polysome distribution does not account for the shift from host to viral protein synthesis, it appears to be associated with the overall decrease in protein synthesis (5 Correction factors (see Table 2 , footnote a) for regions 1, 11, and III are 10.6/17.9, 33.8/10.9, and 53.6/69.2, respectively (derived from values given in Table 1 , under " 15-sec pulse-label preceding 5-min chase"). bRoman numerals represent the polysome regions shown in Fig. 4 . (14), who reported that the inhibition of polysome formation in R17-infected cells appears to result from the blockage of mRNA translation after the formation of the initiation complex. This inhibition of mRNA translation results in an accumulation of polysomal monomers. The third possibility, the disaggregation of polysomes, has been reported to occur in cells infected with poliovirus (11) . This disaggregation appears to result from an inhibition of protein synthesis by doublestranded poliovirus RNA (1, 9) . A disaggregation of polysomes, similar to that observed in poliovirus-infected cells, may occur after infection with the R17 phage. This similarity is suggested by the association of viral polymerase and viral RNA synthesis with the disappearance of large polysomes (14) . Synthesis of doublestranded R17 RNA might be required for the inhibition of protein synthesis. In this report, the distribution of labeled RNA associated with polysomes was studied to provide further information on the mechanism involved in altering the polysome distribution of R17-infected cells. Pulse-labeling of cells from 15 sec results in a greater amount of labeled RNA association with larger polysomes of infected cells, as compared to control cells. Analysis of the polysome-associated RNA indicates that the increased radioactivity in the region of the large polysomes results from the association of labeled double-stranded viral RNA with the polysomes. In addition, 15-sec pulse-labeled species of cellular RNA appear capable of entering into the formation of polysomes in infected cultures and control cultures. The data suggest that rapidly labeled, newly synthesized species of cellular RNA are at least initially capable of entering into the formation of polysomes in infected cells. This phenomenon might be similar to the delay observed in the disaggregation of polysomes in reticulocyte lysates in the presence of poliovirus double-stranded RNA (9) . In the reticulocyte system, several rounds of polypeptide chain synthesis occur before polysome disaggregation. (10, 16, 17) .
Pulse-labeling of R17-infected cells for 90 sec results in a labeled RNA distribution similar in appearance to the absorbance profile of the poly-
